Measuring the mechanical properties of two-dimensional materials is a formidable task. While regular electrical and optical probing techniques are suitable even for atomically thin materials, conventional mechanical tests cannot be directly applied. Therefore, new mechanical testing techniques need to be developed. Up to now, the most widespread approaches require microfabrication to create freely suspended membranes, rendering their implementation complex and costly. Here, we revisit a simple yet powerful technique to measure the mechanical properties of thin films. The buckling metrology method, that does not require the fabrication of freely suspended structures, is used to determine the Young's modulus of several transition metal dichalcogenides (MoS2, MoSe2, WS2 and WSe2) with thicknesses ranging from 3 to 10 layers.
Here, we apply the buckling-based metrology method to determine the Young's modulus of transition metal dichalcogenide flakes with thickness ranging from 3 layers up to 10 layers. We use optical microscopy to determine both the number of layers and the rippling wavelength, which is therefore very fast and simple to implement. We critically compare the results obtained with this method and demonstrate that despite its simplicity it provides results in good agreement with other techniques to study the mechanical properties of 2D materials. We believe that the buckling-based metrology method provides a fast route to determine the Young's modulus of 2D materials, being an excellent alternative to other existing nanomechanical test methods that are more technically demanding. The rippled pattern (that can be seen more easily in the transmission mode optical image) arises from the buckling instability resulting from the balance between the energy required to bend the stiff 2D material, the energy to elastically deform the soft underlying Gelfilm and the adhesion energy between them. Interestingly, the wavelength of these ripples is independent on the initial pre-stress of the elastomeric substrate and it only depends on the materials properties of both flake and substrate:
where h is the flake thickness, νs and νf are the Poisson's ratio of substrate and flake and Es and Ef are the Young's modulus of the substrate and flake respectively. According to Equation [1] spatial wavelength of the ripples monotonically depends on the thickness of the flakes, as the other parameters are fixed and they only depend on the intrinsic mechanical properties of the substrate and flake materials. Figure 2 shows a comparison This is the authors' version (pre peer-review) of the manuscript: Nestor Iguiñiz et al. Advanced Materials (2019) https://doi.org/10.1002/adma.201807150
That has been published in its final form: https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201807150 5 between the rippled pattern observed in 3L, 7L and 10L MoS2 flakes whose thickness is determined via quantitative analysis of their transmittance [21] (see the Supporting Information). Using Equation [1] , the Young's modulus of the deposited 2D materials can be determined by measuring the thickness-dependent ripple period provided that νs, νf and Es are known values.
The Poisson's ratio of the Gelfilm (PDMS) substrate νs = 0.5 [22] and flake νf = 0.27 [23, 24] are found in the literature, with low spread in their values. Moreover, the Young's modulus is rather insensitive to small variations of the Poisson's ratio (see Supporting Information Figure S11 ).
Because values in the PDMS Young's modulus values given in the literature shows a large scattering (from 300 to 1000 kPa, strongly dependent on the curing process) [25, 26] , we have experimentally determined the Young's modulus of our Gelfilm substrate Es = 492 ± 11 kPa This is the authors' version (pre peer-review) of the manuscript: flakes with same thickness yield sizeably different ripple periods), which we attribute to the presence of small defects such as folds or wrinkles in some of the flakes. Therefore, measurements of several flakes with different thicknesses is needed to obtain a well-defined Young's value with a low uncertainty. We found that measurements over at least 6-8 flakes (with ≥4 different thicknesses) are needed to determine the Young's modulus with an uncertainty comparable to that obtained with other mechanical testing techniques like nanoindentation (see the Supporting Information, Figure S9 and Table S3 ). That has been published in its final form: https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201807150 8 compatible within experimental uncertainties with most of recent works that studied ultrathin flakes through nanoindentation, the analysis of the dynamics of nanomechanical resonators, the microscopic version of the blister test and bimodal atomic force microscopy. [3, 11, 34, 23, [27] [28] [29] [30] [31] [32] [33] The only noticeable disagreement is with the values reported in Ref.
[ [11] ], measured with a microscopic version of Brillouin light scattering. In that reference, however, the authors measured a polycrystalline sample fabricated by direct sulfurization of a metallic film. All the information contained in Figure 3b is also summarized in Table 1 to facilitate a quantitative comparison between the different methods. [29, 35, 36] and directly compares these literature values with the ones obtained by repeating the process described above for MoS2 for the other members of the transition metal dichalcogenide family (see the Supporting Information). From the comparison between the Sand Se-based TMDCs there is a clear trend: the Young's modulus of the S-based TMDCs is larger than that of Se-based ones. This trend is in good agreement with ab initio calculations. [24, 37] It is important to make a critical comparison between the different experimental techniques employed to determine the Young's modulus values of 2D materials. In Table 2 we present key information about the requirements needed by these different methods for the sample fabrication and the measurement process as well as a coarse estimation of the time needed for those processes. The first noticeable difference is that unlike the other methods, the buckling metrology method does not require any lithographic process. On the other hand, the nanoindentation, the nanomechanical resonator-based method, the micro-blister test, the microscopic version of the tensile test and the micro-Brillouin light scattering requires to fabricate freely suspended nanosheets, which significantly increases the complexity of the fabrication process and the time involved and it decreases the success yield. Moreover, we stress that the requirement of expensive lithography and etching setups necessary to fabricate the suspended sheets might be highly restrictive by preventing the implementation of these methods in many research groups without access to cleanroom facilities. The nanomechanical resonatorbased method also requires the use of a specialized experimental setup for the measurement of the mechanical properties of the flakes, which again can be a handicap for its implementation in many research groups. The micro-Brillouin scattering method also needs a very specialized equipment. [11] The sample fabrication of the buckling metrology method, on the other hand, does not require any specialized technique as it simply relies on the exfoliation of the 2D This is the authors' version (pre peer-review) of the manuscript: Nestor Iguiñiz et al. Advanced Materials (2019) https://doi.org/10.1002/adma.201807150
That has been published in its final form: https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201807150 10 materials on top of the stressed elastomer substrate and an optical microscope. Common to all the methods is the need to determine the number of layers, which can be done with atomic force microscopy (time needed for the measurement ~30-60 min) or optical microscopy (~1-10 min). Table 2 . Critical comparison between the different methods reported in the literature to test the mechanical properties of 2D materials. Key requirements for the sample fabrication and the measurement process are indicated as well as a qualitative estimation of the time needed in these processes and the complexity of the implementation (indicated with the symbol "•", the more symbols the more time/complexity is needed). * Multiple flakes are needed in the buckling metrology method to reduce the experimental uncertainty (see the main text). 
CONCLUSIONS
In summary, the buckling metrology method provides a fast and easy way of measuring the mechanical properties of 2D materials as compared with conventionally employed approaches (nanoindentation, nanomechanical resonators, blister test and micro-Brillouin light scattering).
We demonstrate this method with MoS2 and found that it provides Young's modulus values in good agreement with the literature values. Because of its simplicity, the fast measurement speed and straightforwardness of the data analysis we believe that this method can be a highly attractive way to study the mechanical properties of 2D materials. 
Experimental Section

Materials:
MoS2 samples were prepared out of a bulk natural molybdenite crystal (Moly Hill mine, Quebec, Canada). MoSe2 and WSe2 samples were prepared out of bulk synthetic crystals grown by physical vapour transport method (provided by Prof. Rudolf Bratschitsch). WS2 samples were prepared out of a bulk synthetic crystal grown by physical vapour transport method at Tennessee Crystal Center. The elastomer substrate used in this work is a commercially available polydimethylsiloxane-based substrate manufactured by Gelpak® (both Gelfilm® WF X4 6.0 mil and Gelfilm® PF X4 6.5 mil were used with identical results).
Determination of the Young's modulus of the Gelfilm® substrate:
The Young's modulus of the elastomeric substrate has been determined by means of a force vs. That has been published in its final form: https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201807150
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Optical microscopy:
Optical microscopy images have been acquired with an AM Scope BA MET310-T upright metallurgical microscope equipped with an AM Scope mu1803 camera with 18 megapixels.
The calibration of the optical magnification system has been carried out by imaging standard samples: one CD, one DVD, one DVD-R, and two diffraction gratings with 300 lines/mm (Thorlabs GR13-0305) and 600 lines/mm (Thorlabs GR13-0605). See details about the calibration in the Supporting Information.
Image analysis:
The quantitative analysis of the transmittance of the flakes and the rippling wavelength has been carried out using Gwyddion® software. 37 Thickness determination:
The thickness determination has been carried out by extracting the transmittance of the blue channel of the transmission mode optical microscopy images and comparing it with the results of a reference (not-buckled) sample. See the Supporting Information for more details.
Supporting Information
Revisiting the buckling metrology method to determine the Young's modulus of 2D materials Table S1 , have been measured). The elongation has been normalized to the initial length and the width and thickness to compare datasets of strips with different geometries. This normalization also allows one to directly extract the Young's modulus from the slope of a linear fit to the experimental data. Note that for each force value the median normalized elongation value and the standard deviation have been calculated. The black solid line is the linear fit to the median value of the experimental data. The shaded light grey area indicates the uncertainty of the fit. Table S1 . Summary of the geometry of the different Gelfilm stripes studied in the force vs. elongation experiments employed to determine the Young's modulus of the Gelfilm. Figure S3 . Cross-section optical microscopy image to verify the thickness of the Gelfilm strip, which is in good agreement within the experimental resolution with the value provided by the manufacturer (6.5 mil, 165.1 µm). Figure S4 . Optical microscopy images of a DVD-RW, a DVD, a CD, a 600 lines/mm grating and a 300 lines/mm grating used as reference samples to calibrate the optical microscope. The FFT of the images are shown besides the optical image where the period of the tracks can be easily extracted. Figure S5 . Relationship between the measured track distance (in pixels) and the expected values (in nm) for reference samples: DVD-RW, DVD, CD, and optical gratings with 300 lines/mm (Thorlabs GR13-0305) and 600 lines/mm (Thorlabs GR13-0605). The linear fit of the data provides the calibration of the optical microscope system. Figure S6 . The thickness of these three regions have been determined to be 4L, 5L and 6L. (c) Raman spectra acquired on the same regions after transferring the flake onto a SiO2/Si surface to iron the ripples, thus avoiding any artefact arising from strain. (d) Raman shift difference between the A1g and E2g modes measured on the same locations where the transmittance was measured. The data has been compared with the thicknessdependent Raman shift difference reported in Ref.
Calibration of the optical microscope system
[ 38 ] in order to determine the thickness of the regions. Their Raman shift difference is compatible with the thickness of 4L, 5L and 6L. Note that the determination of the thickness for flakes thicker than 4L with Raman results way more challenging than with the blue channel transmittance analysis as the Raman shift magnitude starts to saturate at 4-5 layers thick.
Young's modulus determination for MoSe2, WS2 and WSe2 Figure S9 . Relationship between the wavelength of the ripples and the thickness of the MoSe2, WS2 and WSe2 flakes. The solid dark blue line is a linear fit to the experimental data, the shaded light blue area indicates the uncertainty of the fit. The slope of the wavelength vs. thickness relationship, from which the Young's modulus can be determined, is also included in the plot. Example of ripples below the microscope resolution Figure S10 . Optical microscopy image of a MoS2 flakes with regions of different thicknesses where ripples are clearly visible for the thicker regions. The single-layer region should present ripples with periodicity of ~300 nm that cannot be resolved with optical microscopy. Therefore, this technique is limited to study flakes thicker than 2-3 layers if an optical microscope is used to determine the ripple period. This limitation could be circumvented using an AFM. 
Sensitivity of the determination of the Young's modulus on the choice of Poisson's ratio values
